The torsional characteristics of single walled carbon nanotube (SWCNT) with water interactions are studied in this work using molecular dynamics simulation method. The torsional properties of carbon nanotubes (CNTs) in a hydrodynamic environment such as water are critical for its key role in determining the lifetime and stability of CNT based nano-fluidic devices. The effect of chirality, defects and the density of water encapsulation is studied by subjecting the SWCNT to torsion. The findings show that the torsional strength of SWCNT decreases due to interaction of water molecules and presence of defects in the SWCNT. Additionally, for the case of water molecules encapsulated inside SWCNT, the torsional response depends on the density of packing of water molecules. Our findings and conclusions obtained from this paper is expected to further compliment the potential applications of CNTs as promising candidates for applications in nano-biological and nano-fluidic devices.
Introduction
Research in carbon nanotubes (CNTs) has gained enormous interest in nanotechnology and materials science due to its remarkable physical and mechanical properties [1, 2] . CNTs possess a unique combination of high strength and ultra-light weight which makes it a promising application in nanoelectromechanical systems (NEMS) such as springs [3] , and oscillators [4] . These applications require a critical understanding of the torsional properties of CNTs. In addition, CNTs have also demonstrated the potential to be used in the field of nano-drug delivery systems [5, 6] , and nanofluidic devices [7, 8] . Hence, understanding the torsional elastic properties of CNTs in a hydrodynamic environment is important to optimize the performance of CNTs for its use in NEMS and nano-level biological devices.
Many studies have been aimed to investigate the torsional elastic properties of CNTs by means of experimental or theoretical based approaches [9] [10] [11] [12] . Lu and Hu [13] proposed a novel and improved finite element 3D model based on molecular mechanics approach to study the elastic properties of CNTs under tension and torsion. Using this model, they investigated the effects of diameter and helicity on the Young's modulus and shear modulus of SWCNTs. Wang et al [10] deployed Molecular dynamics (MD) simulation technique to determine the mechanical properties of CNTs under torsion. They found that the shear modulus of CNT increases with increasing the radius of CNT. Zhang et al [12] studied the effect of various types of defects and temperature on the torsional responses of defective SWCNT. The studies showed that the torsional strength is strongly dependent on the chirality, type of defects, and temperature. Faria et al [14] studied the elastic behavior of chiral SWCNTs namely the (6, 3) CNT, under combined tension-twisting. They conducted MD simulation studies on the SWCNT subjected to three forms of mechanical loading, viz. pure tension, pure torsion and combined tension-torsion. It was found that the elastic modulus of the SWCNT under pure tension and torsion were much higher than that of the combined tension-torsion. Jeong et al [15] studied the torsional responses of carbon nanotubes filled with SWCNTs, fullerenes and gases. Their investigations revealed that the torsional responses of SWCNTs will be distinct which depends on the density and nature of the filling material. In addition, the torsional characteristics of CNTs filled with metals such as copper [16] and silicon atoms [17] have also been studied in the literature.
It can be seen from the above mentioned literature studies that the torsional properties of the CNTs have been well studied and investigated in freeform and those filled with gases and metal atoms. However, it should be noted that the torsional strength of CNTs in hydrodynamic environment (with water) is still yet to be investigated. It is widely recognized that CNTs operating in hydrodynamics environment (such as nano-fluidic devices) will experience distinct loading conditions due to interaction of the surrounding water molecules. Hence, the main objective of our work is to investigate the torsional characteristics of free form and water submerged SWCNT. Furthermore, the influence of geometrical characteristics such as the chirality and the effect of defects on the torsional response of a CNT in water medium present an important and crucial design input for fabricating CNT based nano-fluidics and NEMS devices. The elastic properties of SWCNTs under various forms of water interaction have been comprehensively studied and the results are presented in this paper.
Computational model
The numerical simulations described in this work were carried out by using the classical molecular dynamics simulation method using LAMMPS software [18] where force field equations are used to describe the inter-atomic interactions. These inter-atomic interactions can be divided into the interaction between the carbon atoms of SWCNT, the interaction between the water molecules and the carbon atoms of SWCNT and the interaction between the water molecules. The interatomic interactions of carbon atoms in SWCNT are described using the Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) potential [19] . The AIREBO potential is able to accurately describe the properties of solid-state and molecular carbon nanostructures [20, 21] while maintaining the accuracies of the ab initio and semi-empirical methods in simulating large systems [22] . The torsional interaction due to dihedral angles in the system is also implemented in addition to the long range interactions in the AIREBO potential. The AIREBO function is defined mathematically as [19] ,
where the E REBO represents the interaction energy defined by the Brenner's second generation REBO potential [23] . The torsional interaction is represented by E T ORS and E LJ describes the long range Lennard-Jones (LJ) interaction between the carbon atoms.
The non-bonded interactions between the SWCNTs and the water molecule is typically modeled using a LJ potential function [24, 25] , which accurately describes the short-range electron repulsion and long-range electron attraction between the CNT and water molecules. The LJ potential is tuned using the parameters obtained from Ref. [26, 27] to accurately describe the experimentally observed water-graphene contact angle. The non-bonded interactions between the carbon atoms and the water molecule is given by [26] ,
where ε CO = 0.392 kJ/mol and σ CO = 0.319 nm are the LJ parameters between carbon to oxygen atoms [26] . Similarly, ε CH = 0.243 kJ/mol and σ CH = 0.282 nm are the LJ parameters between carbon to hydrogen atoms [27] . The interaction between the water molecules is described using the flexible fixed-point charge (FPC) water model [28] . The FPC water model is capable of accurately reproducing the properties of water for different ranges of pressure, temperature, integration time steps and system sizes. The FPC water model is described as [28] ,
where E bond and E bend are intra-molecular potential functions that represent the bond strength energy and bending energy in a water molecule respectively. The terms E els and E vdw denote the electrostatic potential and van der Waals potential between water molecules respectively. The complete details of this potential function are described in the work by Zhang et al. [28] .
Calculation of torsional force and torque on SWCNT
The torsional force is calculated by summation of inter-atomic forces between carbon atoms at the ends of the SWCNT. The inter-atomic force, F ij between atoms i and j is obtained by the gradient of potential energy described mathematically as [18] ,
where r ij is the distance between the atoms i and j and E(r ij ) is the potential between the atoms i and j.
The torque, T of SWCNT is then calculated by the product of torsional force F and the radius R of the SWCNT [12] .
Simulation details
The work described in this paper is divided into two parts. The first part of the paper will focus on the torsional elastic characteristics of uncapped (open ended) SWCNTs submerged in water. The elastic properties of the capped SWCNTs encapsulated with varying densities of water molecules are discussed in following. Figure 1 describes the method of torsional loading condition applied in SWCNT considered in our study. To investigate the effect of geometry on the torsional properties of SWCNT, we considered armchair and zigzag SWCNTs of varying aspect ratios. Furthermore, the effect of defect density and distribution on the torsional properties is also investigated in this paper. In order to accomplish this, firstly we constructed a single vacancy defect approximately at the center of the SWCNT. This vacancy defect is then expanded in the radial or axial direction to form a bigger defect as illustrated in Fig. 2 . This method of defect reconstruction allows us to study the role of defect distribution on the torsional properties of SWCNT [29, 30] .
The computational procedure described herein is similar to our previous work on the tensile loading characteristics of SWCNTs in water [30] . A simulation box of dimension 40Å × 40Å × 150Å is deployed in this work to simulate the interaction of CNT with the water molecules and PBCs are applied on all three directions of the system. Each time step in the MD simulation has a unit of 1 fs. At the beginning of the simulation, we equilibrate the system to release the residual stresses by achieving thermal equilibrium in an NVT ensemble. The simulations are carried out by maintaining a constant system temperature of 300 K and the density of water molecules is at 0.997 g/cm 3 (approx. 1 g/cm 3 ). The temperature stability of the system is achieved by employing Nose-Hoover thermostat [31, 32] . Following this, the torsional loading is applied on the SWCNT as defined in Fig. 1 . Equal number of atoms is fixed on the either ends of SWCNT and the number of fixed atoms at each end of SWCNTs for different geometries is listed in Table 1 . The method of torsional rotation applied in our simulation is shown in Fig. 1 , where the atoms at one end of the SWCNT are rigidly fixed (enclosed inside red rectangle) and the atoms at the other end (enclosed inside black rectangle) are subjected to constant incremental torsional rotation of 0.006 radians. After each rotation, the remaining atoms (those that are not fixed) are subjected to equilibration for 1000 time steps (1 ps) such that the atoms attain the favorable minimum energy positions. The twist speed applied to the movable fixed end of carbon atoms in SWCNT in our MD simulation is 0.006 rad/ps. The end atoms are subsequently again twisted to a new position after calculation of the trajectories of atoms based on Verlet algorithm [33] . The remaining atoms are relaxed in an NVT ensemble and the procedure is repeated until failure occurs. The snap shot of the equilibrated system consisting of a (10, 0) SWCNT in a simulation box filled with water molecules of density 0.9 g/cm 3 is depicted in Fig. 3 (a). We note from this figure that the narrow diameter of (10, 0) SWCNT allows for a single-file arrangement of water molecules inside the SWCNT, which is in agreement with results reported in Ref. [34] . The radial distribution function (RDF) of water molecules from the center of the (10, 0) SWCNT given by g(R d ), where R d is the radial distance from the center of the SWCNT is shown in Fig. 3(b) . It can be observed from this figure that the first peak occurs at radial distance less than 0.05 nm which indicates a region near the center of the SWCNT. This means that it is more likely to find a water molecule at the center than any other region inside the SWCNT. The radial distribution then drops down to zero and remains at this value until radial distances exceed 0.69 nm. This is due to the van der Waal's interaction between the water molecules and the carbon atoms of SWCNT as described by Eqn. (2) . A second characteristic peak is observed outside the surface of SWCNT which is in qualitative agreement with the previous simulated results described in Ref. [35] . At larger distances from the surface of the CNT, the radial distribution function fluctuates around the value of 1 due to weak interaction between the water molecules and the carbon atom. Overall, the resulting post-equilibrated structure of SWCNT submerged in simulation box of water molecules helps us to confirm the accuracy of the simulation.
Results and discussion

Validation of the simulation model
The elastic properties of a free form SWCNT under torsional loading is discussed in this section. In order to validate the computational model employed in the current study, we subjected the same SWCNT model (a (10, 10) SWCNT of length 100Å) as used in Ref. [15] simulated using the AIREBO potential function under NVT ensemble as described in section 3. The torsional elastic response of the (10, 10) SWCNT is depicted in Fig. 4 . The torque (measured as the product of torsional force and the radius of the SWCNT) increases linearly with strain until about it reaches a specific torsional strain γ = 0.07. After this point, we note that the nature of the curve deviates markedly from its linear behavior. This change in curve is caused due to the elastic to plastic transition of the SWCNT under torsion, which is in good agreement with results reported in earlier research [12] . It should further be noted from this figure that the observed maximum torque of 14.698 nN/nm at torsional strain of γ = 0.078 is in excellent agreement with the values reported in Ref. [15] . 
Effect of surrounding water molecules
This section focuses on the effect of surrounding water molecules on the torsional properties of SWCNT. This is accomplished by submerging a (10, 10) SWCNT in a simulation box filled with water molecules of density 0.9 g/cm 3 . Three lengths of the SWCNT are considered here, viz. L = 50Å, 75Å and 100Å. These lengths correspond to aspect ratios (L/D) of 3.69, 5.53 and 7.37 respectively. It should be noted that we maintain the same aspect ratio for different SWCNTs considered in our study which will be described in the subsequent sections. Figure 5 shows the torsional characteristics of the free form and water submerged (10, 10) SWCNT. It can be noted from this figure that the maximum torque decreases while the torsional angle increases with the aspect ratio of the SWCNT, which is similar to results reported previously Ref. [15, 16] . This is because SWCNTs with small aspect ratio are stocky and would require larger torque while SWCNTs with large aspect ratio are slender and can be twisted easily to large angles. Furthermore, this dependence is in agreement with the continuum elastic definition of torque (T ) given by Ref. [15] ,
where K is the torsional stiffness, θ is the torsional angle and L is the length of the tube. It can be noted from Fig. 5 that the effect of interacting water molecules decreases the torsional performance of the SWCNT. This can be explained as follows. The plot of the strain energy of the free form and water submerged SWCNT plotted against strain is illustrated in Fig. 6 . It can be seen from this figure that the strain energy of water submerged SWCNT is higher than that of the free form SWCNT at smaller strain levels. The interaction of water molecules surrounding the SWCNT increases the strain on the SWCNT surface which reduces the torsional performance of the SWCNT. Additionally, we can also see from this figure that the presence of water molecules surrounding the SWCNT decreases the threshold strain energy required to induce elasticity to plastic transition in the SWCNT due to torsional twisting. It is also worthwhile to note from Fig. 6 that at the onset of plastic deformation, there is a change in the quadratic behavior of the strain energy curve of free form and water submerged SWCNT with torsional strain. Thereafter, the strain energy of free form and water submerged SWCNT fluctuates slowly with increasing torsional angle in the plastic stage. This gradual change of the strain energy after plastic transition is different to the drastic drop in strain energy for the case of SWCNTs under tensile [30] or compressive loading [20, 36] . This phenomenon as explained in Ref. [12] is due to the reason that the elastic to plastic transition in an SWCNT under torsion results in a small structural change compared to that of the tensile or compressive loading. The variation in the strain energy fluctuations of free form and water submerged SWCNT in the plastic stage may be attributed to the difference in loading conditions on SWCNT caused due to absence and presence of water molecules respectively. The snap shots of the torsional deformation of water submerged SWCNTs are shown in Fig. 7 . In this figure, only the carbon atoms comprising the SWCNT are shown and the water molecules surrounding the SWCNT have been made invisible for the ease of analysis. It can be seen from this figure that the SWCNT maintains its stable structure when no torsional twisting is applied at the end atoms of the SWCNT. When the end atoms of the SWCNT are subjected to the torsion of 30
• , the resulting structure shows small changes compared to that of the initial SWCNT before torsion. Higher torsional angles results in screw twisted configurations of the SWCNT.
The radial distribution of water molecules surrounding a (10, 0) SWCNT submerged in the simulation box consisting of water molecules is shown in Fig. 8 . It can be noted from this figure that the first peak occurs at small radial distances of SWCNT not exceeding 0.05 nm. This means that the water molecules inside SWCNT are more concentrated near the center of the SWCNT. We also see that the radial distribution of the first peak decreases while increasing the angle of twist. This is because twisting of SWCNT results in squeezing of water molecules from the interior of the SWCNT to outer space in simulation box. This could also be a possibility as to why we can see an increase in the second characteristic peak of water molecules outside the wall of SWCNT. Similarly, as angle of twist increases, the occurrence of second characteristic peak also decreases. This is because the contraction of the SWCNT due to twisting increases van der Waal's distance between carbon and water molecules that will further push the water molecules towards the wall of the SWCNT.
Effect of SWCNT geometry
In this section we investigate the effect of SWCNT geometry on the torsional properties of SWCNT submerged in water. The effect of chirality is analyzed by investigating the torsional characteristics of armchair and zigzag SWCNT. The effect of size is analyzed by varying the aspect ratio of the considered SWCNTs. We employed (10, 10), (5, 5) , (18, 0) and (10, 0) SWCNTs of three aspect ratios, viz. 3.69, 5.53 and 7.37. The SWCNTs are then submerged in a simulation box filled with water molecules of density 0.997 g/cm 3 (approx. 1 g/cm 3 ) and subjected to torsion. The variation in the torsional characteristics of the armchair and zigzag water submerged SWCNTs are shown in Fig. 9 . We note from this figure that regardless of chirality, the torque decreases with reducing diameter of the SWCNT. This is due to the reason that reducing the diameter of SWCNT decreases its cross sectional area which ultimately lowers down the maximum torque of the SWCNT. Figure 9 also shows that the armchair water submerged SWCNTs can withstand slightly higher torque compared to that of zigzag SWCNTs. This observation is in quantitative agreement with the study on torsional properties of free form of SWCNTs reported by Zhang et al. [12] . It can be noted from Fig. 10 that the application of torsional loading in SWCNTs induces radial wall contraction of the SWCNT. The wall contraction of an armchair SWCNT is comparatively lower than that of zigzag SWCNT. The bonds in armchair SWCNT are arranged parallel to the radial circumference of SWCNT which could result in better resistance to the torsional deformation. 
Effect of location and number of defects on SWCNT
The effect of location and number of defects on elastic properties of water submerged SWCNT is discussed in this section. For this purpose we considered (5, 5) and (10, 10) SWCNTs of aspect ratio 7.37 under torsional loading as shown in Fig. 1 . The mechanical characteristics of the water submerged SWCNTs with different defect density are shown in Fig. 11 . The presence of defects strongly impact the torsional properties of water submerged SWCNTs which is consistent with the observations on free form SWCNTs [12] . Additionally, it can be seen that the dependence of torque on the presence of vacancy defects is more sensitive to the diameter of SWCNT. For instance, the percentage drop in maximum torque for a (5, 5) SWCNT due to the presence of 3 vacancy defects in axial direction is about 41%. This drop is significantly much higher than that of a (10, 10) SWCNT with similar vacancy configuration that experience a drop of about 16%. This is because the (5, 5) SWCNT has a smaller diameter and the defect region occupies a much larger portion when compared to that of the (10, 10) SWCNT with a bigger diameter.
We also investigated the effect of defect location on the torsional response of water submerged SWCNTs. By varying the defects along the axial or radial direction of SWCNT (Fig. 2) , the dependence of defect distribution on the torsional response can be studied. We note from Fig. 11 that the defects placed along the radial direction of SWCNT has a significant impact on the torsional response of SWCNT compared to the axial defects. Defects along the radial direction are arranged parallel to the loading direction, which will aid in breaking and shear of SWCNTs more easily in contrast to that of the axial defects that are perpendicular to the torsional loading direction. This is an important factor that needs to be considered while designing SWCNT based fluid delivery systems. Adequate care must be taken to ensure that the radial defects are kept to the minimum to ensure greater stability of SWCNT based nano-fluidic devices. 
Analysis of SWCNT torsion with continuum mechanics theory
The torsional stiffness K of the SWCNTs in our study is computed in MD simulation method by obtaining the variation of strain energy E with the torsional angle θ. The torsional stiffness is then defined by the following equation [11, 15] 
where L is the length of the SWCNT. The torsional stiffness of the free form and water submerged (10, 10) and (5, 5) SWCNTs of aspect ratio 7.37 is computed using Eq. (7). The results are then plotted against the respective radius of the (10, 10) and (5, 5) SWCNTs and is presented in Fig. 12 . It can be noted from this figure that the torsional stiffness varies marginally due to the presence of surrounding water molecules. This observation is consistent with the results reported in earlier studies of Ref. [16, 17] for the case of SWCNTs interacting with various gases and metals. For the case of freeform SWCNTs, the torsional stiffness of (10, 10) SWCNT has increased by 670% compared to that of (5, 5) SWCNT. Similar percentage variations can also be observed for the case of (10, 10) and (5, 5) SWCNTs that are submerged in water. The torsional stiffness K is heavily dependent on the radius, R of the SWCNT. It shows a relation of K F F ∼ R 2.95 and K W S ∼ R 3.07 where the subscripts 'FF' and 'WS' refers to 'free form' and 'water submerged' states of SWCNTs respectively (Fig. 12) . It is worthy to note that the variation is consistent with the prediction of linear elasticity in continuum mechanics theory. In continuum mechanics theory, the strain energy of a thin walled cylinder is defined as [11, 15] 
where G torsion is the torsional modulus, γ is the torsional strain, V is the volume of the cylinder, θ is the critical torsional angle, h and R cyl describes the thickness and radius of the cylinder respectively. The torsional stiffness of the thin walled cylinder is computed from Eq. (7) and Eq. (8) and is expressed as
From Eq. (9) we can see that the torsional stiffness of the thin walled cylinder varies as K ∼ R 3 cyl , which is in good agreement with the relation (K F F ∼ R
2.95
and K W S ∼ R 3.07 ) obtained using the MD simulation approach.
The torsional modulus G torsion of SWCNT can be obtained from the quadratic plot of variation of strain energy E with torsional strain γ using polynomial curve fitting, which is defined as [11, 37] ,
where R is the radius of the SWCNT, h is the thickness of SWCNT and is assumed to be 3.4Å [38] . The computed torsional modulus of various free form and water submerged SWCNTs of aspect ratio 7.37 under torsion is depicted in Table 2 . It can be observed that the interaction due to surrounding water molecules decreases the torsional modulus of SWCNTs. It is important to note that the trend of torsional modulus variation for armchair and zigzag SWCNTs is agree well with the earlier results obtained by MD simulation studies [10, 12, 15] . However, the computed torsional modulus is lesser than the values predicted using continuum theory [39] and experiment [9] . The corresponding shear modulus values obtained in these literature studies is given in Table 3 . 
Elastic properties of capped SWCNT
The torsional properties of capped SWCNTs encapsulated with water molecules is discussed in this section. For this purpose, we chose a (10, 10) capped SWCNT with aspect ratio of 7.37 encapsulated with water molecules of three different densities (ρ) viz. empty (ρ = 0 g/cm 3 ), half-filled (ρ = 0.49 g/cm 3 ) and fully-filled (ρ = 0.98 g/cm 3 ) SWCNT. The torsional properties of such water encapsulated SWCNTs were then investigated in free form and water submerged states. The torsional response of the free form capped SWCNTs with water molecules of different encapsulation densities is shown in Fig. 13 . We note from this figure that the torsional characteristics of half-filled SWCNTs are almost similar to that of an empty SWCNT. The interaction force exerted by water molecules on the half-filled capped SWCNT is depicted in Fig. 14 . It can be seen from this plot that the water molecules exert an average of 1.18 nN/nm, which is insignificant to cause any variation in the torsional response of halffilled SWCNT. Additionally, for the case of a fully-filled SWCNT, the torsional response shows a marked difference compared to that of the empty and half-filled SWCNTs. It can be noted from Fig. 13 that prior to torsion, the fully-filled SWCNT can withstand more torque compared to that of an empty and half-filled SWCNT. This observation is consistent with the earlier reports of the torsional response of SWCNTs filled with SWCNTs [15] , gases [17] and metals [16] . It is worth noting that when torsional strain is about 0.06, there is a sudden drop in torque of a fully-filled SWCNT in contrast to that of the empty and half-filled SWCNTs. This can be explained by analyzing the snap shot of the torsional deformation of fully-filled SWCNTs as depicted in Fig. 15 . The torsional twisting of SWCNT results in contraction of tube walls in the radial direction of the SWCNT (as shown in Fig. 10 ). This contraction result is in compression of water molecules. Because we cannot compress the water molecules further, therefore the water molecules have nowhere to escape, but to break open the walls of SWCNT which results in sudden drop in the torsional response of the fully-filled SWCNT. Additionally, the release of encapsulated water molecules from the fully-filled SWCNT due to torsional loading can prove to be a useful mechanism for nano-level fluidic devices aimed at targeted drug-delivery.
It is also useful to investigate the torsional response of water-encapsulated capped SWCNTs submerged in water. The variation in the torsional response of the water submerged capped SWCNTs are compared with that of the free form SWCNTs as shown in Fig. 16 . Figure 16 indicates that the effect of surrounding water molecules reduces the torsional properties of water encapsulated SWCNTs. Based on our foregoing discussion, presence of surrounding water molecules increases the strain of the capped SWCNT which affects the torsional resistance of capped SWCNT. Hence, it can be concluded from this study that dense packing of water molecules can result in breaking and fracture of capped SWCNTs. Furthermore, the interaction of water molecules outside the capped SWCNT can affect the overall torsional response of capped SWCNTs irrespective of the filling concentrations.
Conclusions
In this paper, the torsional characteristics of water submerged SWCNT has been studied using MD simulation method. The understanding of torsional properties of SWCNT in hydrodynamics environment is crucial for optimizing the performance of nano-fluidic based NEMS devices. The studies show that the torsional characteristics of SWCNTs reduce due to the interaction of surrounding water molecules. The results also indicate that the torsional properties of SWCNTs with defects are more sensitive to the defect distribution and diameter of the SWCNT. Furthermore, for the case of capped SWCNTs, dense filling of water molecules in an SWCNT will result in breaking and fracture of SWCNT under torsion resulting in release of encapsulated water molecules. This mechanism could be useful in the design of SWCNT based nano-drug delivery devices. The results obtained from our studies will provide valuable insights for the application of CNTs for nano-level processes involving water molecules such as nano-fluidic devices, NEMS, and drug delivery devices.
